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Lonesome orphans
Nuclear receptors typically bind to DNA as homodimers or
heterodimers, but increasing numbers of orphan receptors
have been identified that bind DNA as monomers.
Members of the nuclear receptor superfamily have an
important role in the regulation of cellular homeostasis and
differentiation because they provide a direct link between
extracellular signals - mainly hormones - and transcrip-
tional responses [1]. Their transcriptional activation func-
tion is regulated by endogenous small molecules, such as
steroid hormones, vitamin D, ecdysone, retinoic acids and
thyroid hormones, which pass readily through the plasma
membrane and encounter their receptors inside the cell. In
addition to these classical nuclear receptors that act as hor-
mone-inducible transcription factors, genes that encode
nuclear receptors with no known ligands are being isolated
in ever growing numbers. These are the 'orphan' receptors.
Nuclear receptors have a unique structural organization
for transcription factors, based on modular domains [1].
In order, from the amino to the carboxyl terminus, are:
the A/B domain, which is highly variable in length and
sequence between the members of the superfamily, and
which in some cases carries part of the transactivation
function; the strongly conserved, DNA-binding C
domain, which is the signature of the family; the D
domain, which is highly variable but nevertheless har-
bours structural elements indispensable to some receptors
for their stable interaction with DNA; and finally the E
domain, which carries out several important functions of
the receptor - ligand binding, dimerization and tran-
scriptional regulation. This domain is conserved among
the family, but is less conserved than the C domain.
To date, the nuclear receptor gene superfamily contains
more than 50 different members, 30 of which encode
orphan receptors [2]. How the transcriptional activity of
these orphans is regulated is in most cases still an open
question. To what extent do orphan receptors resemble
the classical nuclear hormone receptors? Can we identify
ligands that bind to them and regulate their activity? Or
do we have to consider the orphan receptors to be con-
stitutively active transcription factors, regulated solely by
their expression level and/or by post-translational modi-
fications? Recent investigations have revealed that some
orphan receptors deviate from the canonical concept of
receptor-DNA interaction.
The vast majority of nuclear receptors specifically
recognize a core DNA sequence motif of six base pairs (bp)
with the consensus sequence (A/G)GGTCA. Typically,
two core elements are organized in either a palindromic or
a direct repeat orientation to make a hormone responsive
element (HRE). The steroid hormone receptors bind
exclusively as homodimers to a palindrome of their HREs,
with each receptor subunit contacting one of the core
binding sites [1]. The situation is more complicated for
other receptors, such as those for vitamin D (VDR), thy-
roid hormone (THR) and retinoic acid (RAR and RXR).
They can bind either as homodimers or heterodimers to
the palindromic HRE. Their most commonly found
HREs, however, are organized as direct repeats [3]. The 5'
sequence of the direct repeat is recognized by RXR, and
the 3' sequence is bound either by VDR, THR or RAR.
(Interestingly, some orphan receptors are also able to rec-
ognize these direct repeat elements in association with
RXR [3,4]). In addition, the number of nucleotides sepa-
rating the two core motifs dictates the type of heterodimer
that binds to a given direct repeat. According to the so-
called '3,4,5 rule', the DR3 element (a direct repeat in
which the two motifs are separated by 3 bp) is recognized
by a RXR-VDR heterodimer, the DR4 element by a
RXR-THR heterodimer, and so on. But this model soon
appeared to be too simplistic and only statistically correct,
as there is a large overlap between the specificity of a given
heterodimer and the various types of direct repeat [4].
The notion that not all nuclear receptors act according to
the dimer model came from elegant experiments con-
ducted by Jeff Milbrandt's team [5] on the orphan recep-
tor NGF1-B. This orphan was cloned by several groups
of workers as an early response gene, expression of which
is rapidly and transiently induced in brain and other
tissues by growth factors such as nerve growth factor
(NGF). On searching for the DNA target sequence
bound by NGF1-B with an in vivo genetic selection sys-
tem in yeast, Milbrandt's group found to their surprise
that the NGF1-B-responsive element (NBRE) is based
on only a single AGGTCA core motif, apparently identi-
cal to those recognized by other nuclear receptors. But
this core motif could be recognized by the receptor only
if it was preceded by two adenines to form the full
consensus NBRE sequence AAAGGTCA (Fig. 1).
The idea that some orphans within the nuclear receptor
superfamily bind to DNA as monomers was supported
by the isolation of new members with. similar DNA-
binding properties. The characterization of the orphan
receptor FTZ-F1 as one of the nuclear factors regulating
the seven-striped expression pattern of the Drosophila
segmentation gene fiusli-tarazu (ftz) has provided insight
into how some orphan receptors recognize and bind to
their cognate response elements. FTZ-FI was isolated by
Carl Wu and colleagues [6] on the basis of its ability to
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Fig. 1. Evolutionary tree connecting the
various groups of nuclear receptors. The
orphan receptors that bind as monomers
are shown in the same colours as their
consensus binding sites; h denotes
human receptors, d those from
Drosophila, r from rat, ck from chick, m
from mouse and x from Xenopus.
bind the motif TCAAGGTCA that is located within the
promoter of fiz. Like NGF1-B, this orphan is able to
bind as a monomer to its unique 5'-extended half-site
(called FRE, for FTZ-FI response element). Two ver-
tebrate homologues of FTZ-F1, known as SF-1 and
LRH1, have been cloned and exhibit identical behaviour
[7]. A more distantly related orphan receptor with similar
properties has been cloned from Drosophila by Martin
Petkovitch's group [8] and called FTZ-F13.
Recently, studies have been published on the DNA-
binding properties of two other groups of orphan recep-
tors: the Rev-erbs and the RZRs. Rev-erboa was found
quite a long time ago as a gene overlapping the thyroid
hormone receptor ot gene. By selection in vitro of bind-
ing sites using the polymerase chain reaction (PCR) and
gel-shift assay, Mitch Lazar and his collaborators [9]
found that Rev-erbot is able to bind as a monomer to the
RevRE sequence - an AGGTCA core motif preceded
by the sequence (A/T)A(A/T)NT. Furthermore, numer-
ous teams, including ours, have recently reported the
cloning of a Rev-erba-related gene, called Rev-erbl3,
which exhibits the same binding specificity [10-14]. The
laboratories of Michael Becker-Andr6 and Vincent
Giguere have cloned members of a novel group of
orphan receptors called RZRot or RORoa, respectively,
and RZR[. These receptors bear strong sequence simi-
larity to the Drosophila DHR3 gene [15-17]. Like the
Rev-erbs, the RZRs bind as monomers to the RevRE.
Milbrandt's group has extended the characterization of
the DNA-binding properties of NGFI-B by showing that
amino-acid residues outside the classical DNA-binding
domain participate in the direct recognition of the NBRE
[18]. Deletion experiments and the use of chimeric pro-
tein molecules composed of parts of NGF1-B and RXR
(which is unable to bind to the NBRE) showed that a
sequence immediately carboxy-terminal to the DNA-
binding domain is required for binding to the NBRE
[18]. This sequence, called the A-box, is required for the
recognition of the two A-T base pairs at the 5' end of the
NBRE. These authors have also shown that another
region, the T-box, located between the DNA-binding
domain and the A-box, specifies the binding of RXR to
the tandem repeat of the AGGTCA half-site.
The T- and A-boxes have been conserved during evolu-
tion, as shown by the NGF1-B gene from the nematode
Caenorhabditis elegans, which contains only one change in
the A-box and four in the T-box compared with human
NGF1-B [18]. These two boxes are also well conserved
in NURR-1, a recently cloned NGF1-B-related gene.
The other orphan receptors that bind DNA as mono-
mers - FTZ-F1, the Rev-erbs and the RZRs - also
display high sequence conservation of T- and A-boxes
[10]. Curiously, the ability of the RZRs to bind as
monomers to the RevRE seems to be modulated by
sequences located amino-terminal to the DNA-binding
domain, because several amino-terminal splice variants
exhibit different DNA-binding characteristics. However,
the role of their A- and T-boxes has not yet been studied.
Functional and structural studies suggest that the A- and
T-boxes have counterparts in classical nuclear receptors
such as the RXRs, and that they are important for DNA
binding. The boxes seem to establish DNA contacts across
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the minor groove with the phosphate backbone located
5' to the AGGTCA core motif, as predicted from the
three-dimensional structure of the RXR DNA-binding
domain determined by nuclear magnetic resonance
(NMR) in solution [19]. The A- and T-boxes form a third
helix in the immediate vicinity of the DNA-binding
domain, which contacts the phosphate backbone 5' to the
response element (Fig. 2a). It is this third helix in RXR
that explains why, in heterodimeric complexes with other
nuclear receptors, RXR is always in the upstream posi-
tion. Thus, for all nuclear receptors, the T- and A-boxes
are parts of the DNA-binding domain and strengthen the
interaction between the receptor and the target sequence.
Extrapolating from this, the orphan receptors' way of
binding to DNA can be interpreted as relying on similar
structural elements which, however, provide sufficient
stabilization to ensure a stable monomer-DNA inter-
action. Receptors that do not bind as monomers need
homodimeric or heterodimeric partners to achieve effi-
cient binding. Consistent with this model, known
monomerically binding receptors contain basic amino
acids in the T- and A- boxes, which could be respon-
sible for the increased binding affinity. This hypothesis
may find support from the finding that THRot is able to
bind and transactivate transcription in a hormone-
inducible manner from monomeric response elements,
provided that the monomeric HREs are furnished with
an appropriate 5' flanking sequence [20].
Fig 2. (a) Schematic model of interaction of the DNA-binding
domain of a monomerically binding nuclear receptor to its
response element. Helix 1 (green) is implicated in direct recogni-
tion of the core motif AGGTCA, which is coloured red in the DNA
molecule. Helix 2 (blue) is located in the second zinc finger, and
Helix 3 (yellow) contains the conserved T- and A-boxes. The A-box
is thought to interact in the minor groove with the 5'-extended part
of the response element (coloured yellow in the DNA molecule).
The third helix was shown to exist by an NMR analysis of the RXR
DNA-binding domain in solution [191. The conserved cysteines of
the DNA-binding domain are shown in purple. (b) The minor
grooves of the 5'-extended parts of the NBRE and the FRE are
shown, together with the amino-acid sequence of the A-boxes of
NGF1-B and SF-1, which are presumed to interact specifically with
the 5' extension. Adapted from [21].
One question comes immediately to mind: how is
specific binding to the NBRE, the FRE or the RevRE
achieved? The first answer came from a detailed exami-
nation of the DNA-binding specificities of SF-1 and
NGF1-B [21]. It has been shown that SF-1 binds in the
same manner as NGF1-B, with an overlapping but dis-
tinct sequence requirement 5' to the core motif. In fact,
the main difference between the 5' part of the NBRE
(AA) and that of the FRE (TCA) is the presence of the
G-C base pair in the FRE. Thus, the key feature distin-
guishing the NBRE from the FRE is the amino group of
the G-C base pair present in the minor groove of the
FRE, which is accessible for an interaction with the
asparagine hydrogen bond acceptor located in the A-box
of SF-1 (Fig. 2b). The same interaction is not possible for
NGF1-B which, in the same A-box region, contains no
hydrogen bond acceptor. Arginine residues that are pres-
ent in NGF1-B A-box region may be able to interact
with the specific A-T base pair of the NBRE but not
with the G-C one that is present in the FRE. Con-
firmation of this model awaits resolution of the three-
dimensional structure of the DNA-binding domain of
one of the monomerically binding orphan receptors in a
complex with DNA.
The apparent similarity between the response elements of
these monomerically binding orphans raises the question
of whether there might be cross-talk between the re-
ceptors. Although the RZRs strongly activate transcrip-
tion when bound to RevRE, the Rev-erbs seem to be
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inactive on these response elements [10-12]. Thus, like
the orphan receptor COUP-TF, which behaves as a
repressor of various nuclear receptors that bind to
dimeric response elements, the Rev-erbs might act as
repressors, specifically acting on RevREs [11,12]. This
antagonism between RZRs and Rev-erbs has so far been
demonstrated only in experiments in vitro, and little is
known about its relevance in vivo. But the observation
that both RZRs and Rev-erbs are strongly expressed in
the nervous system suggests that there could be cross-talk
between them in vivo [14,15,18]. In line with this is the
unexpected finding that the pineal gland hormone mela-
tonin seems to bind and transactivate the orphan receptor
RZR[3 [22]. Thus, RZR[3 and the Rev-erbs are perhaps
antagonistic receptors employed in brain signalling sys-
tems. An antagonism has also been demonstrated for
FTZ-Flo and FTZ-F1, which behave on FRE as an
activator and a repressor, respectively [23].
Taken together, there are at least four groups of orphan
receptors - NGF1-B, FTZ-F1, Rev-erbs and RZRs -
which are, by evolutionary standards, only distantly re-
lated to each other [2], and all of which bind as mono-
mers to similar response elements (Fig. 1). Each group is
composed of at least two vertebrate genes and a Drosophila
homologue, and thus appears to be conserved during
evolution. Apparently, all these orphans require for their
function a specific motif that is rich in basic amino-acid
residues and is located carboxy-terminal to the DNA-
binding domain. This motif interacts with a specific
A/T-rich sequence upstream of the respective response
element. These monomerically binding nuclear receptors
do not seem to need any heterodimeric partner, such as
an RXR, in order to bind to their response elements.
How can we explain the existence of these four evolu-
tionarily distant receptor groups? One favoured sugges-
tion is that monomerically binding receptors represent
molecular fossils of the first nuclear receptors. During the
course of evolution, the synergistic binding of two iden-
tical or different partners on bipartite response elements
would have become an important means of increasing
the number of potentially unique transcription factor
activities by simply using combinations of two available
monomerically binding receptors. According to this
hypothesis, the primordial nuclear receptor would have
been a monomerically binding receptor [21].
Alternatively, it is possible that the four classes of mono-
merically binding receptors appeared independently from
the homodimerizing or heterodimerizing nuclear recep-
tors. It is conceivable that there was an independent and
convergent accumulation of basic amino-acid residues in
the A- and T-boxes that strengthened the receptor's
interaction with DNA sufficiently for it to bind effi-
ciently as a monomer [14]. These receptors would not
necessarily have lost the ability to form homodimers or
heterodimers. The fact that some of them, at least, such
as the RZRs, retain the capacity to bind DNA as
homodimers [17] supports this view.
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